(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT) 

'""ix^r^"""^''"" mniiiiiiiiiiiiiiiiniHaini 

(43) International Publication Date (10) International Publication Number 

26 April 2001 (26.04.2001) pCT WO 01/28419 A2 



(SI) International Patent Classification^: A6 IB 5/00 

(21) International Application Number: PCT/USOO/41442 

(22) International Filing Date: 19 October 2000 (19.10.2000) 

(25) Filing Language: English 

(26) Publication Language: English 



(30) Priority Data: 
0Q/4l9.g49 



19 October 1999(19.10.1999) US 



(71) Applicant: TRANSONIC SYSTEMS, INC. [US/US]; 34 
Dutch Mill Road, Ithaca, NY 14850 (US). 

(72) Inventors: KRIVITSKI. Nikolai, M.; 227 Highgate 
Road. Ithaca. NY 14850 (US). DROST, Cornelius, J.; 
I2*> Hickory Circle, Ithaca. NY 14850 (US). 



(74) Agents: SALAI, Stephen, B. et al.; Harter, Seciest & 
Emery LLP. 700 Midtown Tower, Rochester, NY 14604 
(US). 

(81) Designated State |>ia//o/ia(;: JP. 

(84) Designated States (regional)i European patent (AT. BE, 
CH, CY, DE, DK, ES. H, FR, GB. GR, IE, IT, LU, MC, 
NL, FT. SE). 

Published: 

— Without international search report and to be republished 
upon receipt of that report. 

For two-letter codes and other abbreviations, refer to the "Guid- 
ance Notes on Codes and Abbreviations " appearing at the begin- 
ning of each regular issue of the PCT Gazette. 



< 

00 __ 

(54) Title: METHOD AND APPARATUS TO MEASURE BL(X>D FLOW BY AN INTRODUCED VOLUME CHANGE 

(57) Abstract: A method and apparatus for determining an initial flow rate in a conduit is disclosed. A known change is made to 
Q die flow to be measured, resulting changes (or values corresponding to these changes), or relative changes in the flow to be measured 

are monitored and the initial flow in the conduit is calculated from the value of the known change and monitored changes. Devices 
1^ to practice the method include catheters having one or two sensors and one or two sites for introducing the volume change. 
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METHOD AMD APPARATUS TO MEASURE BLOOD FLOW BY AN 
INTRODUCED VOLUME CHANGE 

Field of the Invention 

The present invention relates to flow measurements, and more particularly to blood 
5 flow measurements in biomedical diagnostic and research applications, wherein a flow rate is 
determined from sensed relative changes in the flow resulting from a known introduced 
volume change in the flow. 

Background of the Invention 

Commonly used methods to measure blood flow in biomedical diagnostic and research 
10 applications include indicator dilution, transit-time ultrasound, Doppler ultrasoimd, 
electromagnetic, nuclear magnetic resonance and x-ray fluoroscopy principles. 

The measurement of blood flow is particularly important during vascular reconstructive 
procedures. In such procedures, the interventional cardiologist/radiologist attempts to restore 
blood flow in a diseased vessel, so measurement of the efficacy of the procedure constitutes 
15 important feedback. While prior methods have practical uses during specific medical studies 
and protocols, no method has been developed that has found widespread use during vascular 
reconstructive procedures. 

A well-accepted blood flow measurement technique employing indwelling catheters is 
the indicator dilution method, often named Stewart-Hamilton methods after the inventors who 

20 pioneered this family of methods in the late 19th and early 20th century. In this method, an 

additional element is introduced into or extracted from the blood stream, or a blood property is 
changed (the "indicator"). A calibrated sensor placed downstream from the point of indicator 
introduction measures the absolute concentration of the indicator. Via well known equations 
one can then derive the volume flow at the point of mixing of the indicator with the blood flow. 

25 These methods are widely used for cardiac output measurement using pulmonary artery 

catheters. The method has not found use during interventional procedures likely because it 
requires pre-calibrated concentration sensors. The calibration of conunonly used sensors such 
as thermal or electrical is affected by changes in vessel diameter. 

1 
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Therefore, the need exists for determining flow rate in real time during vascular 
interventional procedures where catheters may be introduced into the patient. The need also 
exists for determining flow rate during a medical procedure so that the efficacy of the 
procedure can be determined, thereby reducing complications and subsequent interventions. 
5 The need also exists for determining flow in a broad spectrum of applications, without 
requiring extensive modifications of surgical procedure or retraining of surgical staff. 

Summary of the Invention 

The present invention provides a new class of flow measurement where an initial flow, 
the flow to be measured, is purposely altered. Without limiting the scope of this method, we 
10 will refer to this method hereby as the "volume change method". 

The present family of volume change methods to measure an initial flow rate 
implement the following steps: introducing (i.e., injecting or withdrawing) a known volume of 
fluid over a known time (or measured time), that is, introducing a known flow rate to the initial 
flow rate such that the "introduced volume change" will produce one or more "resulting 
15 changes" in the flow to be measured; monitoring, directly or indirectly, values which 

correspond to the resulting changes; and determining the initial flow rate fi-om the induced 
volume change and the monitored values. 

The present invention further provides for the determination of flows during the 
introduced volume change. The invention also provides for calibration of flow sensors and 
20 sensor methods. The volume change method of measuring flow has a fiirther usage as a means 
to calibrate the volume flow sensitivity of flow sensors, pressure sensors and dilution sensors. 
The present invention may also employ blood velocity measurement, pressure measurement 
and indicator dilution measurement techniques. 

The present invention also includes an apparatus for determining the flow rate in a 
25 conduit. The apparatus includes a sensor for sensing a change resulting fi'om the introduction 
of a known flow rate and a controller for determining the initial flow rate in the conduit 
corresponding to the sensed change and the introduced known flow rate. 

In a further application of the invention, a catheter is introduced into the cardiovascular 
circuit of a patient, and specifically into the vessel in which the flow rate is to be determined. 
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A metered volume change is made to the initial flow in the vessel through the catheter. 
Resulting changes in the vessel flow (or corresponding values) are monitored and the initial 
flow rate in the vessel is determined. The resulting changes may be monitored by sensors 
located inside the conduit, outside the vessel, on the skin or even remote from the patient. 

5 The volume change method employs, in some of its embodiments, changes in indicator 

concentration as a means to assess relative changes in local flow in a conduit. These methods 
bear some similarity to the conventional indicator dilution family of methods, often called 
Stewart-Hamilton and Fick principle methods. Indicator dilution methods use indicator 
concentration as the primary means to assess blood flow, according to a simple principle: if 

10 one introduces a known amount of indicator in a flow and monitors downstream the resulting 
absolute concentration of that indicator, one can deduce the volume rate of flow. Indicators are 
used differently in the volume change method. In conventional indicator dilution methods the 
volume of the introduced indicator must be known and the concentration curve is recorded and 
analyzed in adequate absolute units, such as "rems per ml/min" for a radioisotope indicator, or 

1 5 ^"calorie change per ml/min*' for thermal dilution. No such absolute calibration is needed for 
the present volume change method: in the indicator embodiments of the volume change 
method, only values proportional to concentration changes are required to calculate the flow in 
the conduit. Neither the amount of the introduced indicator nor the actual concentration 
changes need to be determined. 

20 Brief Description of the Drawines 

Figure 1 is a schematic showing flows in a conduit with a side branch for introducing a 
volume change. 

Figure 2 is a schematic showing flows for two spaced apart injections functioning as 
volume changes. 

25 Figure 3 is a representative view of a conduit having a catheter for introducing a 

volume change and monitoring a resulting upstream change and a resulting downstream 
change. 

Figure 4a shows the recorded flow velocity upstream of an introduced volume change. 
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Figure 4b shows the recorded flow velocity downstream of an introduced volume 

change. 

Figure 5 shows a conduit and site of a volume injection with upstream and downstream 
sensors located on the conduit, or the skin of a patient and remotely located. 

5 Figure 6 is a representative view of a conduit and adjacent sensors selected to sense an 

upstream position and a downstream position respectively. 

Figure 7 is a representative view of a conduit and a single sensor sensing an upstream 
position and a downstream position. 

Figure 8 is a representative view of a catheter in a conduit, the catheter having a single 
1 0 sensor intermediate a pair of volume change sites. 

Figure 9 is a graph showing the relationship of sensed blood velocity to time at a single 
sensor for a first and a second introduced volume change. 

Figure 10 is a representative view of a conduit showing a sensor outside the conduit in 
locations at the conduit wall, at the skin of the patient and remotely located. 

15 Figure 1 1 is a representative view of a conduit showing an indicator dilution catheter 

with two separate dilution sensors for a constant infusion in combination with a single volume 
change. 

Figure 12a is a graph showing the relationship of sensed indicator concentration to time 
at an upstream sensor after the introduced volume change. 

20 Figure 12b is a graph showing the relationship of sensed indicator concentration to time 

at a downstream sensor after the introduced volume change. 

Figiu*e 13 is a representative view of a conduit showing a catheter having an indicator 
dilution sensor for use with a constant infusion combined with two separate injections. 

Figure 14 is a graph showing the relationship of sensed indicator concentration to time 
25 at a dilution sensor for a first and a second introduced volume change. 
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Figure 15 is a representative view of a catheter in a conduit, the catheter having two 
pressure sensors and one intermediate volume change site. 

Figure 1 6 is a hydrodynamic schematic of a cardiovascular system during blood flow 
measurement by induced volume change using a single volume change and two pressure 
5 sensors. 

Figure 17a shows the recorded pressures upstream of an induced volume change. 

Figure 17b shows the recorded pressures downstream of an induced volume change. 

Figure 17 is a representative view of a catheter in a conduit, the catheter having two 
pressure sensors and one volume change site positioned between. 

10 Figure 18 is a representative view of a catheter in a conduit, the catheter having a single 

pressure sensor intermediate a pair of volume change sites. 

Figure 19 represents the hydrodynamic schematic diagram of the cardiovascular system 
di-ring blood flow measurement by introduced volume change using two volume changes and a 
single pressure sensor. 

15 Figure 20 is graph showing the relationship of sensed pressure for a first and a second 

induced volume change. 

Detailed Description of the Preferred Embodiments 

The present invention provides for the determination of a volumetric flow rate ("flow 
rate") in a conduit by the volume change method. The conduit may be any of a variety of 

20 liquid conducting members including arteries, veins, heart chambers, shunts, vessels, tubes and 
lumens. Thus, the term conduit encompasses each of these as well as any other flow 
conducting element. The volumetric flow rate is a measure of the volume of liquid passing a 
cross-sectional area of the conduit per unit time, and may be expressed in units such as 
milliliters per min (ml/min) or liters per minute (1/min). A liquid flow having a flow rate also 

25 has a flow velocity, the distance traveled in a given time, such as millimeters per second 

(mm/s). Thus, for liquid flowing in a conduit, there will be a flow rate (volumetric flow rate) 
having a flow velocity. 
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The present invention includes the volume change measurement method which 
encompasses the follov^ing steps: (i) introducing a known volume change to the flow to be 
measured; (ii) monitoring the relative change(s) (or values corresponding to these) in the flow 
to be measured which result from the introduced volume change; and (iii) calculating the initial 
5 flow in the conduit (i.e., the flow existing in the conduit before the introduced volume change) 
from the known volume change and the relative change(s). 

A volume change may consist of a circulating volume change or it may be a discrete 
volume change such as an injection or withdrawal of a volume of liquid. The circulating 
volume change includes the simultaneous withdrawal of liquid (such as blood) from the 

10 conduit and the return delivery of the liquid (or a different liquid) back into the conduit, usually 
with a pump or other extracorporeal system. The retumed liquid may have been modified via a 
secondary system such as a blood treatment device. The withdrawal and return delivery may 
be performed in different vessels of the cardiovascular circuit. In contrast, the discrete volume 
changes do not include simultaneous withdrawal and return of a liquid. That is, if there is a 

15 withdrawal or injection of liquid, the fluid flow during this volume change is either into or out 
of the system, without a corresponding simultaneous flow in the opposite direction. A 
withdrawal and a subsequent injection to the initial flow is encompassed by the discrete 
volume change as there is no circulating (simultaneous withdrawing and injecting). 

It is understood that the term "volume change" includes, but is not limited to any and all 
20 methods that induce a change in the volumetric flow rate in the conduit in which flow is to be 
measured, including but not limited to: the introduction of a known bolus of liquid into the 
liquid stream in the conduit; the withdrawal of a known bolus from the flow in the conduit; the 
simultaneous or successive introduction and/or withdrawal of a plurality of boluses; the 
introduction or the withdrawal of a metered flow rate; the simultaneous or successive 
25 introduction and/or withdrawal of several metered flow rates; the combination of a metered 

flow rate change and a bolus injection or withdrawal; the step-wise alteration of the diameter of 
a section of a catheter (or other variable cross section device) inserted into the flow stream in 
the conduit, the introduction or withdrawal of a solid volume into/out of the flow stream in the 
conduit, and the alteration of the cross sectional volume of the conduit over a certain conduit 
30 length by altering its cross sectional geometry. All of these introduce a metered change 

(known flow rate) to the flow to be measured in the conduit. This metered change in flow, 
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independent of how the change is induced, constitutes the "volume change." The volume 
change is a known volume over a known time. That is, a known, (measured or measurable) 
change is introduced to the initial flow whose flow rate is to be determined. 

In the general case, the introduced volume change will effect changes to the flow in the 
5 conduit both upstream and downstream from the site of the introduced volume change. 

However, it is understood, the changes resulting from the volume change may include changes 
to the characteristics, properties or parameters of the liquid ("liquid characteristic") as well as 
the characteristics, properties or parameters of the flow ("flow characteristic"). This includes 
changes that are proportional or correspond to the liquid or the flow. For example, if the liquid 
10 characteristics are sensed, the optical, electrical, thermal or material aspects may be sensed. 
Specifically, the electrical conductivity, optical transmissivity, or temperature, velocity of 
sound or Doppler frequency. The flow characteristics include velocity, rate or pressure of the 
flow. 

To calculate the initial flow, one would therefore monitor changes in flow in the 
15 conduit, both upstream and downstream from the point of the induced volume change in the 
flow. This can be implemented in two configurations: one introduced volume change and two 
sensors, or two introduced volxraie changes and one sensor. 

In the first configuration, one sensor monitors changes to the conduit flow downstream 
of the introduced volume change, the other sensor monitors changes upstream of the 

20 introduced volume change. In the second configuration one could alter the location where the 
volume change is introduced: one volume change is induced upstream, the other volume 
change is induced downstream of a sensor located at a fixed position. In an alternative 
embodiment of the second configuration, the properties of a single sensor could be changed 
such that one sensing location would be upstream, the other sensing location would be 

25 downstream from the fixed location where the volume change is introduced. 

At certain positions within a flow geometry, the volume change will only (or 
predominately) affect the conduit flow downstream or upstream from the point where the 
volume change is introduced. For example, a volume change introduced in a conduit 
connected to a fixed-output pump will only affect flow downnstream from the point of change. 
30 A change introduced at the base of the pulmonary artery will primarily change pulmonary flow 
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and not the output of the right ventricle. In such cases, the volume change method can be 
implemented by only measuring relative changes in flow downstream from the point of 
introduced volume change. 

In other instances, the induced volume change will primarily alter conduit flow 
5 upstream from the point where the volume change is introduced. For example, the 

microvasculature of a capillary network represents a relatively large resistance to blood flow, 
while a healthy arterial bed feeding these capillaries may represent a relatively low resistance 
to blood flow. At such a location, most of the introduced volume change would flow 
retrograde in the introduced artery, and it will suffice to measure relative changes in flow only 

10 upstream from the point of change introduction. The venous return path within the 

cardiovascular geometry, similarly, offers areas where a measurement simplification can be 
made. The full venous return system operates at a low liquid pressure. Its capacity to accept 
an introduced liquid injection is therefore great: the veins will just extend a bit to accept the 
introduced volume. However, the peripheral veins also incorporate one-way valves: retrograde 

1 5 flow is automatically blocked. Therefore, if a volume change of sufficient magnitude is 

introduced in such a vein, the upstream flow will automatically drop to zero. This removes the 
need to implement an upstream sensor, and flow in the vessel can be calculated from just a 
downstream recording of the change of flow, the volume change (the volume/imit time), and 
the flow configuration assumptions. 

20 It is understood that the sensing of changes resulting from a volume introduction 

includes, but is not limited to any and all methods may register such a change: the direct 
measurement such a change, the indirect recording of a secondary affect caused by such a 
change, or the recording of an effect which corresponds to such a secondary affect. Without 
limiting the scope of the disclosed invention, the preferred embodiments focus on three such 

25 change sensing methods: sensing of changes in blood transport (flow or flow velocity), sensing 
changed blood chemical or physical properties (indicator dilution) and sensing changes in 
pressure. 

The volume change method of measuring flow has a further usage as a means to 
calibrate the volume flow sensitivity of flow sensors, pressure sensors and dilution sensors. 
30 After the steps of introducing a change in flow and sensing the relative changes in flow which 
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result from the volume change, the calculation of the actual volume rate of floM^ in the conduit 
is synonymous to calculating the sensor's volume flow sensitivity. Thus, the velocity-to- 
volume flow conversion factor of a flow velocity sensor (such as an extracorporeal Doppler 
sensor, perivascular or intravascular transit time sensor or an implanted electromagnetic 
5 sensor) and uncalibrated indicator concentration sensor can be readily determined by the 

volume change method. The sensor can be employed from then on (so long as its flow sensing 
geometry is unaltered) to report volume flow directly without the added steps of the volume 
change method. 



outgoing (downstream) flow Qd. The conduit 10 can be an artery, vein, artificial vessel or any 
other channel of flow. Via a side branch 12, a temporary flow Qi (the volume change) can 
enter or leave the flow conduit 10. In a typical clinical application as disclosed in this 
invention, as shown in Figure 3, a catheter 20 is located in the conduit 10. The catheter 20 

15 includes a port 21 for introducing the volume change, the port being intermediate an upstream 
sensor 30 and a downstream sensor 40. In a typical clinical application, Qi may result from the 
volume change passing through the catheter port 21 between the points where Qu and Qd are 
monitored (Figure 3). Assuming a steady-state condition, where the volume of the conduit 10 
does not change during the measurement interval, the law of conservation of mass is applied to 

20 define the relationships between these flows. 

Before and after the volume change (injection/withdrawal) period, flow into the conduit 
Qu equals flow out of the conduit Qd and equals initial flow Q: 



Theorv 



10 



Referring to Figure 1 , a flow in a conduit 1 0 has an input (upstream) flow Qu and 



Q = Qu = Qd 



(Eq. 1) 



During the injection period (suffix i) the following flow equation describes the 
25 conservation of mass (see Figure 1): 



Qui + Qi = Qdi 



(Eq. 2) 



Subtracting Eq, (1) from Eq. (2) and dividing the resulting equation by Q (=Qu =Qd) 



yields: 
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Qu Q Qd ' ^ ' 

Setting Qui - Qu = AQu and Qdi - Qd = AQd. AQu and AQd can be positive or 
ncuativc: a positive value indicates an increase in flow; a negative value indicates a decrease in 
flow. Rearranging the terms yields an expression for the initial flow in the conduit: 

\ Qd Qu J 

This equation is central to the present volume change method. It states that the 
undisturbed flow in the conduit 10 (vessel) before/after the introduced volume change is 
calculated from the introduced volume change (here expressed by its flow rate Qi), and the 
relative measurement of changes in flow upstream and downstream from the volume change 
10 introduction site. For simplicity, the equation can be rewritten as: 

where: Cd = AQd/Qd, is the relative change in a flow-corresponding parameter 
downstream from the point where flow is changed, Cu = AQu/Qu, is the relative change in a 
flow-corresponding parameter upstream from the point where flow is changed. In a typical 
15 implementation of the volume change method where a bolus of liquid is injected, the 

downstream flow increases (positive Cd) and the upstream flow decreases (negative Cu). So, 
the (Cd - Cu) factor is the simi of two positive numbers. 

The ratio between Cd and Cu reveals where the resistance to changes in flow exists. If 
the volume change site (location) is just downstream from a fixed-output flow source such as 
20 the heart, Cu will be near zero, and the flow Qh in such a vessel can be measure*^th a single 
sensor: 

Qh = ^ (Eq.6) 
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In other instances the downstream flow may be much more resistant to change that the 
upstream flow, meaning that Cd can be neglected in comparison to Cu. Such may be the case 
at a volume change location near the capillary part of the cardiovascular circulation. In that 
instance the flow Qc can be measured with a single sensor as: 

5 e^ = --^ (Eq.7) 

Cu 

A third opportunity for a single sensor measurement exists in the venous vasculature at 
locations where one-way valves stop or inhibit retrograde flow. If the introduced volume 
change consists of an injected flow which is larger than the flow before the injection, flow 
upstream from the injected volume change will drop to zero (Qui = 0) during the volume 
10 change period. Applying the definitions used above, Cu = -1, and the flow value Qv that 
existed in the vein before the volume change was introduced equals: 

Returning to the general case described by Eq. 5, where a single introduced volume 
change is sensed by both an upstream sensor 30 and a downstream sensor 40, each sensor 
15 provides an output which corresponds to flow (Fig.l), which provides a basis for further 

calculations. Before the volume change, the upstream sensor 30 reports measurement values 
Mu, the downstream sensor 40 reports a measurement values Md. Index i indicates the 
measurement values reported by these sensors during the introduced change: 



Mu = a Q (Eq. 9) 

20 Md = P Q (Eq. 10) 

Mui = a Qui (Eq. 11) 

Mdi = p Qdi (Eq, 12) 



In these equations, a and P are the volume flow calibration factors for the upstream 
sensor and the downstream sensor, respectively. Combining Eq. 5 with Eqs. 9 through 12 
25 yields values for these volume flow calibration factors: 

11 
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Qi 



(Eq. 13) 




(Eq, 14) 



Thus, the volume change method can be used to establish the volume flow calibration 
factors of the upstream sensor 30 and the downstream sensor 40. 

By substituting these Eqs. 13 and 14 into Eqs. 1 1 and 12, the values for the flows at the 
sensor locations during the introduced volume change in flow. Qui and Qdi can be calculated: 



Figure 8 depicts a one-sensor 50, two volume change site (upstream site 5 1 and 
downstream site 53) (injection/withdrawal ports) implementation of the volume change 
method. Fig. 8 depicts how this configuration may be implemented in practice, using a double 
lumen catheter 22 with one flow parameter sensor 50. An index * is used for the flow 
definitions in this configuration. Before the introduction of any volume change, the following 
flows in all sections of the conduit 10 are equal to each other: 



Where Q*, Qu*, Qb* and Qd* are values of the initial blood flow, and blood flows 
upstream of, between, and downstream of the two volume alteration sites, respectively. 

Figure 8 depicts how this configuration may be implemented in practice, using a single 
catheter. The catheter 20 of Figure 8 includes the upstream port 51, a downstream port 53 and 
an intermediate sensor 50. Volume changes can be introduced by first introducing an upstream 
volume change into the upstream port 51 in the catheter 22, then introducing a downstream 
volume change into the downstream port 53 of the catheter. For simplicity, the volume change 
in the upstream port 51 is selected equal to the volume change into the downstream port 53 and 




(Eq. 15a) 




(Eq. 15b) 



Q = Qu* = Qb*=Qd* 



(Eq. 16) 
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= Qi. Flow measurements made during the injection will again be indicated by the suffix i. 
There are now two different kinds of measurements on the Qb sensor 50: one where the sensor 
indicates ihc downstream flow changes resulting from the first injection (= Qbdi) and one 
where the sensor indicates upstream flow changes resulting from the second injection (Qbui). 
5 The conscr\ anon of mass principle yields the following equations for the two injections: 

Qui* ♦ Oi = Qbdi* (Eq. 17a) 

Qbui* - Qi = Qdi* (Eq. 17b) 

We assume that the upstream flow change effected by the volume change at the 
upstream port 5 1 is identical to the upstream flow change effected by the volume change at the 

10 downstream port 53: Qui* = Qbui*. Similarly, we assume that the downstream flow change 
produced by the \ olume change at the upstream port 5 1 is identical to the downstream flow 
change produced by the volume change at the downstream port 53: Qdi* = Qbdi*. These 
assumptions arc closely approximated in cases where the flow resistance between the two sites 
of the introduced volume change is negligibly small compared to the flow resistances upstream 

15 and downstream of the volume change sites. Eqs. 17a and 17b can be rewritten as a single 
equation with a sensor 50 in only the Qb position: 

Qbui* + Qi = Qbdi* (Eq. 18) 

This equation is in a form identical to Eq. 2, but this flow equation is now realized by a 
two-volume change sites and a single sensor method. Following a derivation approach similar 
20 to the one followed for Eq. 2 yields the volume change method equation for this one sensor 50 
intermediate tvvo volume change sites 51, 53 configuration: 

Cbd is the relative change in a flow-corresponding parameter from the upstream 
volume change introduction. Cbu is the relative change in a flow-corresponding parameter 
25 from the downstream volume change introduction. 

This equation states that the initial flow in the conduit 10 (vessel) is calculated from the 
introduced volume change (i.e. ml/min.), and the relative changes (or the values that 

13 
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correspond to these changes) in flow between the locations of the introduced volume change 
during the first upstream volume change and the second downstream volume change. 

The measurement of intravascular blood flow. 

Eight embodiments of a device for the measurement of blood flow in a conduit utilizing 
5 the present method and specifically an introduction of known volume change (volume/unit 
time) into an initial volume flow are disclosed. 

In a particular application of the invention, a catheter 20 is disposed in the flow to be 
measured. That is, the catheter 20 is located inside the flow conduit to provide access for the 
introduced volume change. The necessary measurements of the resulting flow changes 
10 (indicator dilution and/or flow velocity and/or pressure) can be made from sensors carried on 
the catheter, located in the conduit, located on an exterior to the conduit, on the skin of the 
patient or even remotely located from the patient. 

In addition, the catheter 20 may serve the sole purpose of introducing the volume 
change, or also acconmiodate the measurement of the resulting changes in the initial flow, or 
15 also be combined with other catheter functions during surgical interventions such as, but not 
limited to flow restorative procedures performed by the interventional radiologist and 
cardiologist including balloon angioplasty, thrombectomy, chemical and mechanical clot 
removal and stenting. 

Embodiment 1 (Two sensor catheter to measure velocity with single injection) 

20 As shown in Figure 3, in the first embodiment, the catheter 20 with two sensors 30, 40 

is employed to measure a velocity of blood (such as in m/sec) using a single volume change 
introduction through the port 21 . The sensors 30, 40 may be any type of sensor as previously 
disclosed. In a preferred construction, the sensors 30 ,40 are connected to the catheter 20 to be 
located within the conduit 10. 

25 The catheter 20 is inserted into the conduit 10 as shown in Figure 3. The two sensors 

30, 40 measure blood velocity, or a parameter that corresponds to flow velocity at their 
respective locations in the conduit 10. The first sensor 30 measures a parameter Vu, the 
second sensor 40 measures a parameter Vd, each corresponding to flow velocity at its local 

14 
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respective site. Because flow velocity corresponds to volume flow, an equation analogous to 
Eq. 5 is: 

^ Vd Vu) 

where AVu and AVd are changes corresponding to upstream and downstream blood 
5 flow velocities. 

The results of Eq. 20 are independent of direct calculation of a value for cross sectional 
areas of the conduit 10 at the upstream sensor 30 and the downstream sensor 40. An accurate 
measurement of Q using Eq. 20 relies on the ability to measure baseline values corresponding 
to flow velocity, Vu and Vd, as well as changes in the baseline AVu and AVd. The introduced 
10 volume change flow rate, Qi may be measured by using a known introduced volume, M, and 
dividing this known volume by the period of injection, T. Alternatively the introduced change 
may be implemented by using an infusion/withdrawal pump set to volume change flow rate Qi. 

The introduced volume M may be realized through the injection of a known volume of 
saline. Figure 4 illustrates the characteristics of such an injection made between two sensors 

15 30 ,40 wherein the sensors provide a signal corresponding to flow velocity. Figure 4a shows 
the recorded flow (blood) velocity for the sensor 30 upstream from the site of injection 21, as 
shown in Figure 3. Figure 4b shows the recorded flow (blood) velocity for the sensor 40 
located downstream from the site of injection 21. Baseline values Vu and Vd are shown for 
the upstream and downstream locations, respectively. The decrease in flow (blood) velocity 

20 recorded at the upstream sensor (AVu) produced from the injection of duration T is shown in 
Figure 4a while the increase in flow (blood) velocity recorded by the downstream sensor (AVd) 
over the same time period is shown in Figure 4b. These changes in flow (blood) velocity 
correspond to AQu and AQd, the changes in the blood flow produced at the upstream and 
downstream locations, respectively. 

25 Embodiment 2 (Velocity sensors outside the vessel with single injection) 

Referring to Figure 5, in the second embodiment, flow (blood) velocity sensors 30, 40 
are located outside the conduit 10 and a single volume change introduction is made through 
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port 21 in the catheter 20 which is located in the conduit. This embodiment is analogous to 
Embodiment 1 (Eq. 5 and Eq. 20) but sensors 30, 40 are located outside of the conduit 10. 
Also shown in Figure 5 are alternative locations for sensors 30', 40' on the skin of the patient, 
or 30", 40" spaced from the patient. 

5 Referring to Figure 6, the upstream sensor 30 and the downstream sensor 40 may be 

adjacent each other and generally aligned along the relevant flow at the injection site 21, 
wherein each sensor defines a sensing zone such that an upstream sensor 30 sensing zone 33 
extends upstream of the injection site and a downstream sensor 40 sensing zone 43 extends 
downstream of the injection site. In a further configuration shown in Figure 7, a single sensor 
10 35 may selectively implemented to create an upstream sensing zone 33 and a downstream 
sensing zone 43. 

Embodiment 3: (Single blood velocity sensor catheter with two injections) 

As shown in Figure 8, the third embodiment employs the catheter 22 having a single 
flow sensor 50, such as a blood velocity sensor, located intermediate two volume change site 
15 ports, an upstream port 5 1 and a downstream port 53, through which introductions are made 
into the flow in the conduit 10 through the catheter. 

The catheter 22 is inserted into the conduit 1 0 (Figure 8). In this embodiment, flow 
may be measured by making two volimie change introductions. One volume change is made 
upstream through the upstream port 51, the other volume change is made downstream of the 
20 single sensor 50 (blood velocity sensor) through the downstream port 53. The equation is 
analogous to Eq. 19. 




(Eq.21) 



In this equation, V is blood velocity at the location of the single sensor 50; AVd and 
AVu the changes in blood velocity from a volxune change introduction downstream of the 
25 sensor and upstream of the sensor respectively. (Figure 9). 
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The introduced volume change flow rate, Qi, may be determined by dividing a known 
injected or withdrawn volume of change, M by the time period of the injection, T. 

Intravascular flow can be measured with the single sensor system through the use of 
two isotonic sahne injections. Figure 9 shows the characteristics of such a method. A baseline 
5 blood velocity, V, is measured by the sensor. Figure 9 shows the first injection. The first 

injection having been made downstream from the sensor, produces a decrease in V called AVu 
and occurs in a time period Tl . The second injection, made upstream from the sensor, 
produces an increase in blood velocity at the location of the sensor, AVd, which occurs during 
time period T2. Volume change injection flow rate, Qi, may be calculated by dividing injected 
10 or withdrawn volume M by Tl and T2. 

Embodiment 4: (Single blood velocity sensor outside the conduit with two injections) 

This approach is analogous to Embodiment 3 and Eq. 21. Referring to Figure 10, the 
catheter 20 is disposed into the vessel for providing access for the introduced volume change. 
The catheter 20 includes an upstream port 51 and a downstream port 53. The sensor 50 such as 
15 a blood velocity sensor is located outside the conduit. The location of the sensor 50 is not 

limited to positioning in between the sites of induced volume change, it is only important that 
the sensor measures velocity changes between the volume change sites. Also shown in Figure 
10 are alternative sites for sensor 50' on the skin of a patient and 50" spaced from the patient. 

Notes on Embodiments 1 through 4: 

20 The blood velocity (corresponding sensors) can derive their measurement from any part 

of the conduit, even near the walls, assuming the measured parameters correspond to the 
average flow. Furthermore, only relative changes enter into the calculation, so measured 
values need only correspond to absolute velocity values. These aspects make the measurement 
of intravascular flow with the present method relatively simple, with accuracy and 

25 reproducibility based mainly on the sensitivity of the device for detecting relative changes 
corresponding to flow, and accurate determination of the introduced volume change, Qi. 

The blood velocity-corresponding sensors may be located at any position where a 
change may be sensed, such as: inside the conduit 20, on the conduit wall, further removed 
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from the conduit within the patient's body, on the patient's skin, and outside the body. The 
location of these sensors 50 is not limited to positioning before and after the volume change 
introduction site. The sensors may be located close to each other but measure blood velocity 
upstream and downstream the volume change site as shov^n in Figure 6. It is contemplated that 
5 one sensor 35 as shown in Figure 7 can be used, wherein the sensor periodically measures 
blood velocity upstream and downstream of the volume change site. For example, the 
upstream and downstream measurements can be performed by switching the direction of the 
generated ultrasound waves. The only requirement on sensor positioning is that one attains the 
proper upstream/downstream geometric relationship between each sensing site and volume 
10 change introduction site as described for Embodiments 1 through 4 and their accompanying 
figures. 

It is also contemplated the sensors and the ports for volume change introduction may be 
located on different catheters. Volume change introduction may also be made from introducers 
and other accesses into the conduit such as the sheaths and needles. 

15 In each embodiment, the sensors may be of any type that has the ability to measure 

relative (blood) flow, relative (blood) velocity or any value corresponding to the flow or the 
velocity. These sensors may be Doppler (ultrasovmd or optical), electromagnetic sensors, 
transit time ultrasound sensors, magnetic resonance sensor, sensors that measure the velocity of 
blood by recording the injected media movement like X-ray, nuclear magnetic resonance 

20 sensors, or any other sensor producing a signal responsive to changes in flow. 

Embodiment 5: (Indicator dilution catheter with two separate dilution sensors using constant 
infusion combined with single volume change) 

Referring to Figure 11, this configuration employs an indicator dilution catheter 60 
using constant infusion in conjunction with a single volume change introduction. In one 
25 construction of this configuration, the catheter 60 includes a constant infusion port 61 and a 
volume change port 63 an upstream sensor 62 intermediate the constant infusion port and the 
volume change port, and a downstream sensor 64 downstream of the volume change port. This 
embodiment describes intravascular flow measurement using a catheter 60 with a dilution 
sensor 62 which is inserted into the conduit 10. The constant infusion should have a duration 



18 



wo 01/28419 



PCT/USOO/41442 



sufficient to overlap the volume change period. To measure the relative changes of blood flow 
pursuant to Equation 5, a change in indicator concentration is monitored. 

The upstream sensor 62 (a dilution sensor) is located upstream of the volxune change 
port 63 and the downstream sensor 64 is disposed downstream of the volume change port 63. 
5 For purposes of description, the upstream sensor measurements are designated with a "u", and 
the downstream sensor measurements are designated with a "d" suffix. 

The constant infusion serves to introduce an indicator upstream from both the sensors 
62, 64. This indicator may be introduced anywhere within the cardiovascular system, such as 
in a vein from where it passes through the heart into the artery where the volume change 
10 catheter 60 is positioned. The following mathematical relationship exists for the initial blood 
flow Q in the conduit 10 to be measured: 

hu ha 

In Equation 22, q is the rate of indicator infusion into conduit, ku and kd are calibration 
coefficients for the upstream sensor 62 and the downstream sensor 64, respectively, hu and hd 
15 are the concentration of the indicator measured at the upstream sensor 62 and the downstream 
sensor 64, respectively, as shown in Figure 12. 

An introduction of blood volume change between the sensors 62, 64 produces a change 
in indicator concentration measured at the upstream sensor 62 and a change in the conduit 
volume flow. The new flow equation is described mathematically in Equation 23a: 

20 Qui = ^ (Eq. 23a) 

hui 

In Equation 23 a, hui is the new level of the concentration recorded by the upstream 
sensor 62 (see Figure 12a). 

The same injection also produces a new level of flow and indicator concentration at the 
second (downstream) sensor 64: 



19 



wo 01/28419 



PCT/USOO/41442 



Qdi = ^ {Eq.23b) 
hdi 

In Equation 23b, hdi is the new level of the concentration recorded by the downstream 
sensor 64 (Figure 12b). 

With a known introduced volume change flow rate, Qi, we substitute Equations 23a and 
23b into the conservation of mass Eq.2: 

Substituting Equation 22 into Equation 24 yields Equation 25: 

Using indicator concentration change definitions: Ahu = hui — hu; Ahd = hdi — hd, this 
equation can be re- written in terms of relative indicator concentration change: 



hui hdi ^ 



One finds from Fig 12 that Ahd is negative; the denominator of Eq. 26 is the sum of two 
positive numbers. Introduced voltune change flow rate (Qi) can be calculated as a ratio of 
known volume change injection (M) divided by the time length of injection, T. The time 
period of the injection may be recorded simply from the profile change of the dilution curves 
(see Fig. 12). As is the case for all volume change embodiments, one does not need to know 
the value of calibration coefficients ku and ku of the indicator concentration sensors. All 
concentration levels in Eq. 26 are expressed as ratios, meaning that only relative-sensing 
indicator devices are needed to implement the volume change method. 
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Embodiment 6: Indicator dilution catheter using constant infusion combined with two separate 
injections (Figure 13) 

Referring to Figure 13, this embodiment describes intravascular flow measurement 
using a catheter 70 having a dilution sensor 72 which is inserted into the conduit 10. The 
catheter 70 includes an indicator infusion port 71, an upstream volume change introduction 
port 75 and a downstream volume change introduction port 73, wherein the sensor 72 is 
intermediate the upstream volimie change introduction port and the downstream volume 
change introduction port. 

The first part of this method involves the creation of a continuously introduced 
indicator upstream fi"om the dilution sensor 72. This may be accomplished through the 
upstream port 71. Initial flow in the conduit 10 (vessel) Q to be measured is then described 
mathematically as follows: 



In this equation q is the rate of indicator infiision, k is the calibration coefficient related 
to the catheter sensitivity, and h is the concentration level of the indicator during the infusion. 

As a next step, a first Qi* volume change is introduced in the conduit 10 (vessel) via 
port 73 in the catheter 70. The dilution sensor 72 located upstream firom the volume change 
site senses a new indicator concentration level hui (Figure 14). The new upstream flow Qui is 
described mathematically in Equation 28. 



A second volume change, Qi* is introduced via port 75. The dilution sensor 72 located 
downstream from the volume change site at 75. Equation 29 describes this mathematical 
relationship: 




(Eq. 27) 



hui 



(Eq. 28) 



(Eq. 29) 
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In tquation 29, Qdi is flow at the dilution sensor location during the upstream volume 
chanuc. hui is the new level of the concentration recorded by the sensor 72. 

I or simplicity, it is assumed that volume change injection flow, Qi*, was the same for 
both upsircam and downstream volume changes. This assumption allows us to follow the 
derivation steps of Eqs. 24-26 to arrive at the following mathematical relationship: 



Thus, embodiment 5 and 6 are mathematically identical, and all definitions and 
comments made for Eq.26 apply to Eq. 30 as well. 

Notes on Embodiments 3 and 6: 

The indicator introduction may be performed from the same catheter where dilution 
sensor(s) are located or through another catheter or through the introducer, or through a needle. 
The indicator introduction further includes but is not limited to adding substances to blood, 
withdrawing substances from blood or changing blood parameters (like heating or cooling) 
without adding or withdrawing substances from blood. 

The indicator introduction may be performed anywhere within the cardiovascular 
system, for example, into a vein from where it passes through the heart into the artery where 
the volume change catheter is positioned. 

Usually the indicator infusion (or withdrawal) rate is much smaller than the initial 
blood flow rate and its influence on the initial blood flow in the conduit may me ignored. In 
the case of heating or cooling of blood the indicator introduction causes no change in flow rate 
at all. In certain instances one may purposely choose an indicator introduction which doubles 
as a volume change introduction, and so arrange a measurement sequence of steps or catheter 
configuration which is advantageous for certain interventional procedures. For instance, the 
second volume change Qi* in the upstream site described in Eq. 29 may be implemented with 
an injection solution which incorporates the indicator agent as well, eliminating the need for 
the upstream continuous indicator infusion during this step of the procedural sequence. This 




Qi 



(Eq. 30) 
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approach would eliminate the need for a separate upstream port for a volume change 
introduction. 

In embodiments 5 and 6 the value of h is a concentration of indicator in blood. The 
embodiments may use common indicators but is not limited to these: blood hematocrit, blood 
5 protein, sodium chloride, dyes, blood urea nitrogen, glucose, lithium chloride and radioactive 
isotopes and microspheres. The blood concentration factors h appears in Eqs. 26 and 30 only 
in the form of dimension-less ratios. This means that in these embodiments no need exists for 
methods and devices which register indicator concentration in absolute, caUbrated units. 
Instead one may employ any method and device that produces relative, proportional or 

10 corresponding indications of a selected blood concentration. One may thus select sensors 
which register values or its changes of any chemical or physical parameters of blood that 
correspond to concentration. These embodiments may thus use, but are not limited to the 
following blood properties such as: blood electrical impedance, optical blood properties, blood 
temperature, blood density, blood pH, as well as blood ultrasound velocity. The sensors in 

1 5 each embodiment include any type of sensors that record a corresponding measurement to such 
selected blood properties. 

The indicator sensors may be located outside the conduit 10 (vessel), but preferably 
record the dilution curves in the vessel locations upstream and downstream from the injection 
flow (embodiment 5) and between the injection flow locations for embodiment 6. These 
20 sensors may be, but are not limited to, electrical impedance sensors, ultrasound sensors and 
optical sensors. 

It is further clear from Eq.26 and 30 that the volume change approach does not require 
that the calibration coefficient k (see Eq.22 and 27) be known. The results of the volume 
change measurement can be used instead to calibrate dilution sensors by calculating the value 
25 of k. Once the value of k is calculated, the same sensor can thereafter be employed as a 
conventional indicator dilution sensor, with no need to perform separate volimie change 
introductions. 
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Embodiment 7 (Two sensor catheter to measure pressure with single injection) 

In a seventh embodiment shown in Figure 15, a catheter 80 with two sensors 82, 84 and 
an intermediate volume change injection port 81 is employed which measure blood pressure 
before and during a single volume change introduction. The sensors 82, 84 may be any type of 
pressure sensors. Further, the pressure sensors may be located inside or outside the conduit 10. 

In a preferred constmction, the sensors 82, 84 are connected to the catheter 80 to be 
inserted into the conduit 10 as shown in Figure 15. The two sensors 82, 84 measure blood 
pressure or a parameter that corresponds to blood pressure at their respective locations in the 
conduit 10. The first sensor 82 measures an upstream value Pu and the second sensor 84 
measures a downstream value Pd. 

Referring to Figure 16, the volume change equation for determining flow in this 
embodiment can be derived from a hydrodynamic model of blood circulation in the vascular 
system. In Figure 16, Ra and Rv represent the hydrodynamic resistances of the arterial and 
venous sides of the cardiovascular circuit leading to the upstream and downstream sensor sites, 
respectively. Ru and Rd are the hydrodynamic resistances of the flow conduit between the 
place of the volume change introduction and the upstream and the downstream sensor locations 
respectively. 

The flow-pressure equations before the volume change introduction in Embodiment 7 
are as follows. 



Part-Pu 



= QRa 



(Eq.31) 



Pd-Pven = QRv 



(Eq.32) 



During the volume change, conservation of mass at the volume change point is 
described by Eq. 2: Qui + Qi — Qdi. Therefore: 



Part - Pui = QuiRa 



(Eq33) 



Pdi - Pven = Qdi Rv 



(Eq.34) 
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\\ here Pui and Pdi are the new pressure levels in upstream £ind downstream location 
respcciivcis'; Qui and Qdi are the new flows through the branches upstream and downstream 
from the \ olumc change introduction place. Substituting Eqs.33 and 34 into Eq.2 yields: 

Qi (Pdi ' Pven)/Rv - (Part - Pui)/Ra (Eq.35) 

In this equation, the variables Ra and Rv can be eliminated using Eqs.31 and 32: 

Qi - Q /(Pdi'Pven)/(Pd-Pven) ' (ParUPui)/(Part-Pu)J (Eq.36) 

The pressures at the upstream and downstream sensing location are expressed in terms 
of their change: 

APu - Pui^Pu (Eq.37) 

APd= Pdi-'Pd (Eq.38) 

Rearranging the terms then yields one of the expressions for flow Q as determined from 
the volume change Qi and pressure changes at the upstream and downstream sensing points: 

^Pd- Pven Pu - Part^ 

This is one of a number of ways to express the flow equation of the volume change 
method when using pressure sensors. Pressure is a quantity which is always expressed relative 
to another site, as only pressure differences may produce flow. The Pd and Pu pressures may 
thus be referenced to a number of points within the cardiovascular system, each producing a 
different form for Eq.39. As an example, Pu and Pd may be referenced to the point of the 
volume change introduction. Pi. In this instance the flow Q would be determined only from 
pressure differences registered on points along for instance a catheter containing the volume 
change introduction port and three pressure sensors. 

This type of intravascular flow measurement may be through injection of a known 
volume (M) of isotonic saline. Figure 17 illustrates the characteristics of such an injection 
made between two blood pressure sensors. Figure 17a shows the recorded blood pressure for a 
sensor upstream from the site of injection. Figure 17b shows the recorded blood pressure for a 
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sensor located downstream from the site of injection. Baseline pressure values Pu and Pd are 
shown for the upstream and downstream locations, respectively. 

Embodiment 8: (Single blood pressure sensor catheter with two injections) 

As shown in Figure 18, the eighth embodiment employs a catheter 90 having a single 
5 (low (blood) pressure sensor 92, an upstream volume change introduction port 91 and a 

downstream volume change introduction port 93, wherein two volume change introductions 
can be made into the flow in the conduit 10 through the catheter 90. 

The catheter 90 is inserted into the conduit 10 (Figure 18). In this embodiment, one 
volume introduction is made upstream of the sensor and one is made downstream of the single 
10 blood pressure sensor. The volume change equation for this embodiment is derived in steps 
analogous to Eq. 39: 



where Pu and Pd are blood pressures measured at the sensor site(s) before each volume 
change introduction, APu* and APd* are the changes of the pressure due to volume change 
15 introduction upstream and downstream of the sensor 92 respectively. 

Intravascular flow can be measured with the single sensor system through the use of 
two isotonic saline injections. Figure 20 shows the characteristics of such a method. Figure 20 
shows the first injection, made upstream from the sensor. This injection produces a pressure 
increase in APu* and occurs in a time period Tl. The second injection, made downstream 
20 from the sensor, also produces also increase in blood pressure APd* at the location of the 
sensor, which occurs during time period T2. Volume change injection flow, Qi, may be 
calculated by dividing injection or withdraw volume (M) by Tl and T2. 

Notes on Embodiments 7 and 8. 

Pressure measurements can be performed using any customary pressure sensing system 
25 located inside or outside the conduit. In a dual sensor system (7* embodiment) one sensor may 
even be inside the conduit 10 while the other is outside the conduit. Sensors as customarily used 




(Eq. 40) 
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are liquid-filled catheters with a mechanical or electronic sensing device positioned at the end of 
the catheter outside the patient, electronic sensors positioned on the catheter inside the patient, 
but any other sensor system would suffice. 

The volume change method may be implemented with further simplifications in catheter 
configuration and sensor/injection port implementation. As an example, embodiment 8 can be 
implemented using a double lumen catheter with each lumen channel alternately fiinctioning as a 
volume change port and liquid-filled pressure sensing channel. During a volume change through 
the upstream port 91, pressures are sensed firom the downstream port 93 and vice versa. It is also 
understood the sensor 92 may be omitted and the pressure monitored through the port which 
does not provide the respective volume change. As another example, one may use an 
extracorporeal pressure sensor positioned on the skin above an artery, and position a volume 
change introduction catheter inside that artery to sequentially produce an upstream and a 
downstream volume change introduction. Such sequential volume change introductions may 
consist, first, of the withdrawal of a volume of blood, then of the re-injection of the same volume 
of blood. 

Embodiments employing combinations of blood velocity measurement, dilution measurement, 
and blood pressure measurement. 

It is clear fi"om Eq. 4, 20, 26, and 39 that the upstream flow changes upon a volume 
change introduction are recorded independently of the downstream flow changes upon a volume 
change introduction. This offers the design fi-eedom to mix and match all the sensing modalities 
disclosed in the previous embodiments (blood flow or velocity sensing, indicator concentration 
sensing, blood pressure sensing), with one modality selected for the upstream, another modahty 
for the downstream sensor. For example, relative flow change in the upstream location may be 
measured by a Doppler blood velocity sensor and simultaneously downstreeun changes may be 
recorded by a pressure sensor. Alternately, an upstream dilution sensor may be combined with a 
downstream pressiire sensor, an intravascular pressure sensor may be combined with an 
extracorporeal flow velocity sensor, as examples. In such a fashion the designer of volume 
change instrumentation systems is given optimum design freedom to customize the measurement 
apparatus to suit a targeted the surgical procedure. 
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Notes on all discussed embodiments. 

The volume change method may be used anywhere within the cardiovascular system: in 
arteries, veins, in the heart, in arterio-venous shunts and other conduits within the body where 
flow can be altered via a volume change introduction. 

Besides providing intravascular flow measurements, an added benefit of the volume 
change method is the analysis of the relationship between the upstream and the downstream 
flow ratios (AVuA^u vs, AVdA^d in Equation 20 and the analogous expressions in Eqs. 21, 26, 
30, 39 and 40). Comparison of these ratios provides the user an indication of where the main 
resistance to the blood flow is located. In the case of vascular flow restorative procedures such 
as angioplasty, the main resistance to flow identifies the most hemodynamically significant 
stenosis, allowing the operator to correct the most serious flow impediment when multiple 
stenoses are present. For example, when AVuA^u is high when compared to AVdA^ d, it means 
that there is a large resistance downstream firom the site of injection. When AVdA/'d and 
AVdA/^ are high, there is a significant limitation to flow located upstream firom the injection 
site. The abihty to analyze this data allows the operator greater efficiency in treating a 
stenosed vessel, reducing the need to correct a stenosis and then check flow in a trial and error 
attempt to identify the major limitation to flow. 

For embodiments employing the sequential volume change in an upstream and a 
downstream location, one may employ a single lumen catheter with upstream and downstream 
ports having one-way valves incorporated. The one-way valves would be constructed such that a 
flow injection automatically opens one port, and a flow withdrawal automatically the other port. 
Alternately such a single lumen catheter may employ alternate means to switch the volume 
change delivery between the upstream and the downstream port. Alternately one may use a 
single lumen, single outlet catheter, and reposition the catheter outlet in relation to the sensor (or 
vice versa) to achieve the desired upstream positioning during one, and downstream positioning 
during the other volume change. 

As it is clear firom the flow equations 4, 20, 21, 26, 30, 39 and 40, blood velocity, blood 
properties and blood pressure values are present only in the form of non-dimensional ratios. 
This means that all these embodiments may instead employ uncalibrated sensors or sensors that 
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only provide values corresponding to the parameter referenced in the flow equations. Such 
corresponding sensors measurements may produce any measurement dimension such as 
"kilohertz" for an ultrasound Doppler sensor, or "bits" for an analog-to-digital converter output: 
these dimensions are eliminated in the flow equation in the non-dimensional sensor ratio 
expression. 

The present invention contemplates a controller 1 00 for determining or calculating the 
initial flow rate in the conduit 10 in response to the corresponding signals from the respective 
sensor(s) and the introduced volume change(s). The controller 100 may be any of a variety of 
devices including a computer employing software for performing the calculations, or a 
dedicated analog circuit device, or a calculation routine into which measured parameters are 
manually entered. The controller 100 may be connected to the sensor(s) and a flow rate 
monitor such as a pump for introducing the volume change. It is understood the controller 100 
could determine the volume change from an input of the volume of the change and the time 
over which the change was made. 

While a preferred embodiment of the invention has been shown and described with 
particularily, it will be appreciated that various changes and modifications may suggest 
themselves to one having ordinary skill in the art upon being apprised of the present invention. 
It is intended to encompass all such changes and modifications as fall within the scope and 
spirit of the appended claims. 
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Claims: 

1 . A method for determining an initial flow rate of a liquid in a 
conduit, comprising: 

(a) introducing a discrete volume change to the initial flow 

rate; 

5 (b) sensing a corresponding resulting change in the flow in the 

conduit; and 

(c) determining the initial flow rate in response to the 
introduced volume change and the sensed resulting change. 

2. The method of Claim 1, wherein introducing a discrete 

10 volume change includes injecting or withdrawing the discrete volume 
from the conduit. 

3. The method of Claim 1, further comprising employing one 
of a flow characteristic sensor and a liquid characteristic sensor. 

4. The method of Claim 1, wherein sensing the corresponding 
resulting change includes sensing at an upstream location to the 
introduced volume change and a downstream location to the 
introduced volume change. 

5. The method of Claim 1, wherein sensing the corresponding 
resulting change includes employing a sensor located at one of in the 
conduit, on the conduit or spaced from an exterior of the conduit. 

6. The method of Claim 1, wherein introducing the discrete 
volume change includes introducing the discrete volume change 
through a catheter in the conduit. 

7. The method of Claim 1, fxirther comprising sensing the 
corresponding resulting change in one of a liquid characteristic and a 
flow characteristic. 
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8. The method of Claim 1, wherein sensing a corresponding 
resulting change includes sensing a corresponding resulting change 
proportional to the flow in the conduit. 

9. The method of Claim 1, wherein sensing a corresponding 
resulting change includes sensing one of a velocity, pressure and flow 
rate of the flow in the conduit. 

10. The method of Claim 1, wherein sensing a corresponding 
resulting change includes sensing a dilution indicator. 

1 1 . A method for determining an initial flow rate in a conduit, 
comprising: 

(a) locating a catheter in the conduit; 

(b) introducing a known volume change to the initial flow rate 
5 through the catheter; and 

(c) determining the initial flow rate in response to the 
introduced known volume change and a resulting change in the initial 
flow rate. 

12. The method of Claim 11, wherein introducing a known 
volume change includes introducing a discrete volume change. 

1 3 . The method of Claim 1 1 , wherein introducing a known 
volume change includes injecting or withdrawing the discrete volume 
from the conduit. 

14. The method of Claim 1 1, fiarther comprising employing 
one of a flow characteristic sensor and a liquid characteristic sensor. 
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15. The method of Claim 1 1 , wherein sensing the 
corresponding resulting change includes sensing at an upstream 
location to the introduced known volume change and a downstream 
location to the introduced known volume change. 

16. The method of Claim 1 1 , wherein sensing a corresponding 
resulting change includes sensing with a sensor located at one of in the 
conduit, on the conduit or spaced from an exterior of the conduit. 

1 7. The method of Claim 1 1 , further comprising sensing a 
resulting change after introducing the known volume change. 

18. The method of Claim 17, wherein sensing the resulting 
change includes sensing a change corresponding to the introduced 
known volume change in one of a liquid characteristic and a flow 
characteristic. 

19. The method of Claim 17, further comprising sensing a 
resulting change as proportional to the flow in the conduit. 

20. A method for determining an initial flow rate in a conduit, 
comprising: 

(a) introducing a discrete known volume change to the initial 
flow in the conduit to produce a resulting change in the initial flow; 

5 and 

(b) determining the initial flow rate in response to the 
introduced discrete known volume change and the resulting change. 
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21. The method of Claim 20, fiirther comprising employing a 
sensor to sense the resulting change in the flow. 

22. An apparatus for determining an initial flow rate in a 
conduit, comprising: 

(a) means for introducing a discrete known volume change to 
the initial flow; 

5 (b) a sensor for measuring a corresponding change resulting 

from the introduced discrete known volume change; and 

(c) a controller connected to the sensor, the controller 
configured to determine the initial flow rate in a response to the known 
volume change and the corresponding change. 

23. The apparatus of Claim 22, further comprising a catheter 
having an introduction port. 

24. The apparatus of Claim 23, wherein the sensor is connected 
to the catheter. 

25. An apparatus for determining an initial flow rate in a 
conduit, comprising: 

(a) a known volume change introducer selected to effect a 
discrete known volume change to produce a resulting change in the 

5 initial flow in the conduit; 

(b) a sensor for measuring the resulting change; and 

(c) a controller connected to the sensor, the controller 
configured to determine the initial flow rate in a response to the known 
volume change and the resulting change measured by the sensor. 
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Figure 3 
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AMENDED CLAIMS 
[received by the International Bureau on 6 July 2001 (06.07.01); 
original claims 1, 1 1, 20, 22 and 25 amended; remaining claims unchanged (4 pages)] 

1. A method for determining an initial flow rate of a liquid in a conduit, 
comprising: 

(a) introducing a discrete volume change lo the initial flow rate; 

(b) sensing a corresponding resulting change in the flow rate in the conduit; 

and 

(c) determining the initial flow rate in response to the introduced volume 
change and the sensed resulting change. 

2. The method of Claim 1 , wherein introducing a discrete volume change 
includes injecting or withdrawing the discrete volume from the conduit. 

3. The method of Claim 1, further comprising employing one of a flow 
characteristic sensor and a liquid characteristic sensor. 

4. The method of Claim 1, wherein sensing the corresponding resulting 
change includes sensing at an upstream location to the introduced volume change and 
a downstream location to the introduced volimie change. 

5. The method of Claim I, wherein sensing the corresponding resulting 
change includes employing a sensor located at one of in the conduit, on the conduit or 
spaced from an exterior of the conduit, 

6. The method of Claim U wherein introducing the discrete volume change 
includes introducing the discrete volume change through a catheter in the conduit. 

7. The method of Claim 1, further comprising sensing the corresponding 
resulting change in one of a liquid characteristic and a flow characteristic. 
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h. The method of Claim 1, wherein sensing a corresponding resulting change 
includes sensing a corresponding resulting change proportional to the flow in the 
conduit. 

9. The method of Claim 1, wherein sensing a corresponding resulting change 
includes scasing one of a velocity, pressure and flow rate of the flow in the conduit. 
10. The method of Claim 1, wherein sensing a corresponding resulting change 
includes sensing a dilution indicator. 

11. A method for determining an initial flow rate in a conduit, comprising: 

(a) locating a catheter in the conduit; 

(b) mtroducing a known volume change to the initial flow rate through the 
catheter; and 

(c) dcicnnining the initial flow rate in response to the introduced known 
volume change and a resulting flow rate change in the initial flow rate. 

12. The method of Claim 1 1 , wherein introducing a known volume change 
includes introducing a discrete volume change. 

1 3. The method of Claim 1 1, wherein introducing a known volume change 
includes injecting or withdrawing the discrete volume from the conduit 

14. The method of Claim 11, further comprising employing one of a flow 
characteristic sensor and a liquid characteristic sensor. 
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15. The method of Claim 1 1, wherein sensing the corresponding resulting 
change includes sensing at an upstream location to the introduced known volume 
change and a downstream location to the introduced known volume change. 

16. The method of Claim 1 1, wherein sensing a corresponding resulting 
change includes sensing with a sensor located at one of in the conduit, on the conduit 
or spaced from an exterior of the conduit. 

17. The method of Claim 1 1 , further comprising sensing a resulting change 
after introducing the known volume change. 

18. The method of Claim 17, wherein sensing the resulting change includes 
sensing a change corresponding to the introduced known volume change in one of a 
liquid characteristic and a flow characteristic. 

19. The method of Claim 17, further comprising sensing a resulting change as 
proportional to the flow in the conduit. 

20. A method for dcteimining an initial flow rate in a conduit, comprising: 

(a) introducing a discrete known volume change to the initial flow in the 
conduit to produce a resxxlting flow rate change in the initial flow; and 

(b) determining the initial flow rate in response to the introduced discrete 
known volume change and the resulting flow rate change. 
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2 1 . The method of Claim 20, further comprising employing a sensor to sense 
the resuhing change in the flow. 

22. An apparatus for determining an initial flow rate in a conduit, comprising: 

(a) means for introducing a discrete known volume change to the initial flow; 

(b) a sensor for measuring a corresponding change in the flow rate in the 
conduit resulting from the introduced discrete known volume change; and 

(c) a controller ootmected to the sensor, the controller configured to 
detentiine the initial flow rate in a response to the known volume change and the 
corresponding change in the flow rate in the conduit. 

23. The apparatus of Claim 22, iurther comprising a catheter having an 
introduction port. 

24. The apparatus of Claim 23, wherein the sensor is connected to the 
catheter. 

25. An apparatus for determining an initial flow rate in a conduit, comprising: 

(a) a known volume change introducer selected to effect a discrete known 
volume change to produce a resulting flow rate change in the initial flow in the 
conduit; 

(b) a sensor for measuring the resulting change; and 

(c) a controller connected to the sensor, the controller configured to 
deteraiine the initial flow rate in a response to the known volume change and the 
resulting flow rate change measwed by the sensor. 
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Statement Under articjle 19(1) 



The amendments to independent Claims 1, 11, 20, 22 and 25 particularly recite 
the detenmnaiion of an initial flow rate in a conduit from measuring a flow rate change in 
the conduit, wherein tJie flow rate change is in response to introduction of a known flow 
rate. In contrast to the present claims, the references of the International Search Report 
do not disclose or suggest (i) introducing a know flow rate in the conduit, (ii) measuring a 
resulting flow rate change in the conduit; and (iii) determining the initial flow rate of the 
conduit. That is, the present invention measures a flow rate change from the initial flow 
rate in the conduit, rather than measure a temperature change of the flow in the conduit, 
such as the cited thermal dilution reference. None of the references measure a flow rate 
change in the conduit, (to determine the initial flow rate), but rather measiure a parameter 
such as temperature of the flow in the conduit. The measurements of the references are 
not measurements of a flow rate change. 
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